High-resolution synchrotron x-ray diffraction measurements were performed on single crystalline and powder samples of BiMn 2 O 5 . A linear temperature dependence of the unit cell volume was found between T N = 38 K and 100 K, suggesting that a low-energy lattice excitation may be responsible for the lattice expansion in this temperature range. Between T * ∼ 65 K and T N , all lattice parameters showed incipient magnetoelastic effects, due to short-range spin correlations. An anisotropic strain along the a-direction was also observed below T * . Below T N , a relatively large contraction of the a-parameter following the square of the average sublattice magnetization of Mn was found, indicating that a second-order spin hamiltonian accounts for the magnetic interactions along this direction. On the other hand, the more complex behaviors found for b and c suggest additional magnetic transitions below T N and perhaps higher-order terms in the spin hamiltonian.
I. INTRODUCTION
Multiferroic materials with coexisting (anti)ferromagnetism and ferroelectricity have attracted renewed attention, due to the interesting physics involved as well as relevant potential applications in spintronics. A fairly strong coupling amongst ferroelectric and magnetic order parameters may occur as a result of exchange striction effects in magnetic structures lacking an inversion center (for a recent review, see Ref.
1 ). Examples can be found within the class of frustrated antiferromagnets. The RMn 2 O 5 family is a particularly interesting case, 2, 3 in which Mn 4+ O 6 octahedra and Mn 3+ O 5 pyramids are interconnected and no possible spin configuration can simultaneously satisfy all nearest-neighbor Mn-O-Mn superexchange interactions. 4, 5, 6 As a consequence, the magnetic structures actually found in this family frustrates some of the spin interactions. Below the magnetic ordering temperature, slight atomic displacements take place and strengthen (weaken) the satisfied (frutrated) interactions, breaking the inversion symmetry of the structure and leading to ferroelectricity. 4, 5, 6, 7 While the above mechanism explains qualitatively the multiferroic behavior of RMn 2 O 5 , detailed experimental information on the atomic displacements associated with each of the commensurate or incommensurate spin structures of this family is still lacking. This is mostly due to the small magnitude of such displacements, presumably below ∼ 0.01Å. 7 This limitation prevents a more quantitative test for the existing theories, most noticeably for ab-initio calculations. 7 On the other hand, the lattice parameters can be obtained directly by high-resolution x-ray diffraction experiments, and the thermal expansion coefficients may be also accurately obtained by macroscopic dilatometry measurements on single crystals. Such measurements may reveal the overall magnetoelastic coupling in the unit cell dimensions, and carry relevant information on the microscopic spin-lattice coupling mechanism leading to ferroelectricity. Dilatometry measurements of thermal expansion coefficients have been carried out for R = Ho, Dy, and Tb, 8 clearly revealing the lattice anomalies related to each of the magnetic transitions of these materials.
It is well known that thermal expansion coefficients obtained by macroscopic dilatometry may have much higher resolution than the typical results of x-ray or neutron diffraction. On the other hand, diffraction is the only choice to investigate powder samples with anisotropic crystal structure, and may be also useful for single crystal studies if simultaneous lattice expansion and strain broadening measurements are required. This is generally the case in investigations of ferroelectric materials, 9 which commonly have distinct behaviors for powder and single crystalline samples, also depending on details of sample growth. Thus, a technique combining the attributes of high resolution to detect minute lattice anomalies and microscopic sensitivity to probe powder samples and/or inhomogeneous phases is highly desirable to study ferroelectric materials, in particular the multiferroics. In fact, highresolution synchrotron x-ray diffraction may be the technique of choice for some of these cases.
BiMn 2 O 5 presents a magnetic structure with propagation vector τ = (1/2, 0, 1/2) at low temperatures, 10,11 while other members show ground states with τ = (k x , 0, k z ) with k x ∼ 1/2 and 0.25 ≤ k z ≤ 0.37. 4, 5, 6, 12, 13, 14 Structurally, the major differences to the other compounds of the series arise from a largely distorted BiO 8 cage, which has been ascribed to the electron lone pair in Bi 3+ . 11 No detailed study on the magnetoelastic properties of this compound has been performed, to our knowledge. To bridge this gap, we performed a synchrotron x-ray diffraction study on a single crystal of BiMn 2 O 5 , as well as on two powder samples grown by distinct routes. It is shown that this technique may have enough resolution to reveal the relatively subtle lattice parameter anomalies related to the magnetic transitions and may provide quantitative details of the spin-lattice coupling in this compound.
II. EXPERIMENTAL DETAILS
The single crystal used in the present study were prepared by the flux method, as described elsewhere. 3, 15 In addition, two polycrystalline samples of BMO were grown by entirely different routes. The sample named BMO1 was grown by wet chemistry 16 using the procedure described in ref. estimated accuracy better than ∼ 1 K and stability of ∼ 1 mK. All the measurements were performed below ∼ 100 K, while the base temperature (11 K for powders and 17 K for the single crystal) was determined by the performance of the cryostat at the time of the experiments. dc-magnetic susceptibility measurements were performed on a commercial superconduction quantum interference device (SQuID) magnetometer, while the specific heat was measured on a commercial platform using the relaxation method.
III. RESULTS AND ANALYSIS
A. dc-magnetic susceptibility and Specific heat BiMn 2 O 5 has been described as a non-colinear commensurate antiferromagnet at low temperatures with propagation vector τ = ( ), and the spins pointing nearly along the a-direction, as inferred from neutron powder diffraction (NPD) measurements by Muñoz al. 11 As a preliminary bulk characterization, we performed dc-magnetic susceptibility (χ dc ) and specific heat (C p ) measurements on the single crystal (see Figs. 1(a) and (b)). Only one transition could be unequivocally distinguished in our C p data, within our resolution, while χ dc data show that the Mn spins are indeed oriented nearly along the a-direction in 4 the ordered phase, as inferred by the smaller susceptibility below T N with the field along this direction. The χ dc data are consistent to those reported in Ref. 18 , and the conclusions drawn from χ dc and C p data are entirely consistent with the previous NPD results. 11 (χ dc ) measurements on the two powder samples also confirmed the AFM transition at T N ∼ 38−40 K.
B. X-ray diffraction
Figures 2(a-c) show the temperature-dependence of the a, b, and c lattice parameters. The corresponding unit cell volume V is given in Fig. 2(d) . For temperatures between ∼ T * = 65 K and 100 K (our upper limit in this work), the evolution of all the lattice parameters follow a straight line within our resolution. The linear thermal expansion coefficients in this T -range are:
K −1 ; and the volumetric expansion coefficient is β = 1.27(3) × 10
deviations from this behavior were observed. Interestingly, such deviations had a distinct sign for the a lattice parameter with respect to b and c, so that the unit cell volume followed In order to correlate the observed lattice parameter anomalies to the antiferromagnetic order parameter and obtain more detailed information on the magnetoelastic coupling in this material, the contributions from the non-magnetic thermal expansion coefficient were subtracted, leading to magnetoelastic contributions to a, b, and c, which we refer to as a M , b M , and c M . For this procedure, we assumed that the non-magnetic contributions to the lattice expansion have linear temperature-dependence also below T N , at least down to 17
K. These data were compared to the square of the average sublattice magnetization of the Mn 4+ (4f site) and Mn 3+ (4h site) ions (M 2 ), extracted from ref. 11 , also normalized at 17
K (see Fig. 3 ). It is interesting to note that the evolution of a M closely follows M Figure 4 shows the width of the (402) and (045) reflections, revealing a broadening of (402) on cooling below T * and a nearly constant width of (045). Such anisotropic strain broadening indicates a magnetically-driven fluctuation of the a lattice parameter throughout the sample, in contrast to b and c, within our resolution. Figure 5 (a) show the full powder diffraction pattern of BMO2 at 100 K. The crystal structure was refined under the P bam space group using the GSAS+EXPGUI suite.
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The structure reported in Ref.
11 at 300 K was used as the initial model for the refinement.
The calculated profile after the refinement is also shown in Fig. 5 . The experimental data with Q < 2.5Å −1 were excluded from this refinement to avoid the instrumental or extrinsic effects of peak asymmetry, self-absorption due to surface roughness and beam footprint larger than the sample size, which become noticeable at lower angles for the reflection geometry employed here. This procedure does not affect significantly the accuracy and precision of the refined parameters, since the density of Bragg peaks is larger in the higher Q-region.
The overall fitting quality is satisfactory, and the refined structural parameters are given in Table I . No impurity phases were observed within our sensitivity. The equivalent pattern of BMO1 (not shown) revealed weak unidentified impurity peaks (< 0.5 % of the strongest peak of the main phase. Overall, both samples were found to be homogeneous and of very good crystalline quality above T N . No sign of anisotropic strain or symmetry lowering were observed for both samples at 100 K.
Figures 6(a) and 6(b) show a selected portion of the powder diffraction profiles for BMO1
and BMO2, respectively, including the (210) and (021) Bragg peaks, at several temperatures.
It can be observed that, while the (021) peak shows nearly no T -dependence, the (210) reflection splits in two peaks at low T . A similar splitting was clearly identified in many other (hkl) reflections with a large h/(k + l) ratio. Attempts to index all Bragg peaks at 10 K within a single crystallographic phase with either a monoclinic or triclinic unit cell derived from the high-temperature orthorhombic cell were unsuccessfull. On the other hand, a model with two distinct phases with P bam symmetry and slightly different sets of lattice parameters could match the observed Bragg peak splittings in the powder profile. These phases were labeled as P1 and P2 in Figs. 6(a) and 6(b). In order to avoid divergences in the fit, the b lattice parameter had to be constrained as equal in both phases. The refined lattice parameters for P1 and P2 at 10 K are given in Table III . It can be seen that P1 has 6 smaller a and slightly larger c than P2. Unfortunately, the atomic parameters of P1 and P2
at 10 K could not be reliably extracted from the refinement, since the fit did not converge when all the relevant atomic parameters were simultaneously refined. This is mostly likely due to significant Bragg peak overlap of the two coexisting phases.
To gain further insight into the nature of phases P1 and P2 below T N , the Bragg peak positions of the (210) reflections of both phases, obtained from a fit with using Lorentzian lineshapes (symbols), are given in Fig. 7 
IV. DISCUSSION
We begin our discussion by considering the lattice parameter behavior above T N (see Fig.   2 ). In this temperature region, the thermal expansion is highly anisotropic, α a being much larger than α b and α c . Remarkably, the unit cell volume V shows a linear temperature dependence between ∼ T N and 100 K within our resolution, indicating a nearly constant thermal expansion coefficient β. This is a highly unusual behavior, since Even though the unit cell volume shows a linear temperature dependence down to T N , the individual lattice parameters a, b, and c present deviations from a linear behavior below T * ∼ 65 K. The sign of this deviation is opposite for a than for b and c (see Fig. 2(a-c) ), compensating each other in the volumetric expansion between T N and T * . Also, these relatively small deviations from the linear temperature dependence in the paramagnetic region have the same sign of the much larger magnetoelastic anomalies below T N , i.e., a contraction for a and an expansion for b and c on cooling. This correspondence suggests that the deviations from linear temperature dependence between T N and T * are not driven by phonons, but are rather related to the strong short-range spin correlations in this temperature region, consistent with a previous Raman scattering study in BiMn 2 O 5 . 21 The magnetically-driven strain broadening of the (402) reflection below ∼ T * (see Fig. 4 ) is an additional evidence that short-range spin correlations may influence the crystal lattice of BiMn 2 O 5 .
The most noticeable lattice anomalies takes place below T N , deserving a careful consideration. In a quadratic spin hamiltonian for transition-metal compounds, the magnetic energy and the atomic displacements due to exchange striction are proportional to the square of the magnetic order parameter (M 2 ), in a mean-field approximation, assuming that the angle between ordered spins remains constant below T N . This proposition is valid for either Heisenberg, Ising, or Dzyaloshinskii-Moriya spin hamiltonians, or a combination of them.
In order to accomodate the atomic movements directly related to exchange striction, the crystal lattice relaxes, possibly leading to complex structural changes even for atoms not directly related to the exchange mechanism. For small displacements, the magnitude of the elastic response of the lattice is directly proportional to the perturbing displacements due to 8 exchange striction, therefore the overal lattice anomalies arising from exchange striction are expected to follow M 2 for a quadratic spin hamiltonian. Figure 3(b) shows that this simple prediction is confirmed for a M , but clearly fails for b M and c M in the whole studied temperature interval. In addition, these two parameters show interesting features at ∼ 36 K and ∼ 33 K that might be associated to additional magnetic transitions below T N . We especulate that these anomalies might be due to spin-flip and/or incommensurate-commensurate magnetic transitions, such as observed in other members of the family. 8 We should mention that no evidence of multiple magnetic transitions has been observed in our C p data, within our temperature resolution, while a two-peak structure in C p close to T N was previously reported. 11 More detailed neutron diffraction experiments in the temperature interval close to T N may be necessary to confirm or dismiss this hypothesis.
The fact that only a M scales with M 2 is interesting. This is also the direction in which the magnitude of the lattice anomaly is the largest. This can be rationalized on the basis of the magnetic structure of pairs. 11 We mention that, while the Mn spin structures in the ab plane are similar for all members of the family, the alignment along c is strongly dependent on the R-ions, with the component of the spin propagation vector varying from k z = 1/4 for R =Er 12 to k z = 1/2 for R =Bi. 10, 11 This is another clear indication of competing magnetic interactions along this direction.
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The distinct features of the magnetic ordering along each direction obviously leads to an anisotropic magnetoelastic coupling, as manifested in the data of Fig. 2 . First of all, the AFM alignment of nearest-neighbor spins along a leads to a relatively large contraction of the lattice along this direction below T N (see Fig. 2(a) is dependent on the sample details. The phase fractions of P1 and P2 are also strongly sample-dependent (see Table III ). Also, a comparison of the T -dependence of the position of a particular Bragg peak with temperature of both powder samples with that expected from single crystal data (see Fig. 7 In fact, P2 presumably shows a different magnetic structure than P1, leading to distinct 
V. CONCLUSIONS
In summary, the magnetoelastic anomalies in single crystal and powdered BiMn 2 O 5 were investigated in detail by high-resolution synchrotron x-ray diffraction. It was found in the single crystal study that this compound shows a linear temperature dependence of the unit cell volume between T N and 100 K, well below the Debye temperature, which has been associated to the possible presence of a low-energy lattice excitation that still remains to be directly observed. Below T N , significant lattice parameter anomalies were found, most notably in the a-parameter, due to a magnetoelastic coupling. The anomaly of a was found to follow the square of the average sublattice magnetization, as expected for a quadratic spin hamiltonian. where the scattering at the (210) position could be fitted by a single lorentzian peak.
